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ABSTRACT Understanding the effects of cell–cell interaction on intracellular ice formation (IIF) is required to design
optimized protocols for cryopreservation of tissue. To determine the effects of cell–cell interactions during tissue freezing,
without confounding effects from uncontrolled factors (such as time in culture, cell geometry, and cell–substrate interactions),
HepG2 cells were cultured in pairs on glass coverslips micropatterned with polyethylene glycol disilane, such that each cell
interacted with exactly one adjacent cell. Assuming the cell pair to be a finite state system, being either in an unfrozen state
(no ice in either cell), a singlet state (IIF in one cell only), or a doublet state (IIF in both cells), the kinetics of state transitions
were theoretically modeled and cryomicroscopically measured. The rate of intercellular ice propagation, estimated from the
measured singlet state probability, increased in the first 24 h of culture and remained steady thereafter. In cell pairs cultured
for 24 h and treated with the gap junction blocker 18-glycyrrhetinic acid before freezing, the intercellular ice propagation rate
was lower than in untreated controls (p  0.001), but significantly greater than zero (p  0.0001). These results suggest that
gap junctions mediate some, but not all, mechanisms of ice propagation in tissue.
INTRODUCTION
The improved understanding, in recent years, of many im-
portant biophysical processes taking place during cryo-
preservation of cell suspensions has led to the development
of successful methods for cryopreservation of cells isolated
from different tissues (McGrath, 1985) and the emerging
use of theoretical models for rational design and optimiza-
tion of cell cryopreservation protocols (Karlsson et al.,
1996). In contrast, protocols for the preservation of native
and engineered tissues by freezing to cryogenic tempera-
tures are still far from satisfactory, because of the complex-
ity of the systems and our limited understanding of the
underlying biophysical processes (Karlsson and Toner,
1996). Our knowledge of the cryobiology of isolated cells
cannot simply be extrapolated to tissues, inasmuch as the
low temperature behavior of cells in tissue culture is quan-
titatively different from that of cells in suspension, and
because additional biophysical phenomena (e.g., cell–cell
and cell–substrate interactions, geometrical effects, heat and
mass transport limitations in macroscopic systems) must be
considered (Karlsson and Toner, 1996, 2000).
The probability of intracellular ice formation (IIF), a
deleterious event during cryopreservation, is known to be
enhanced in confluent monolayer cultures, as compared
with either suspended or adherent isolated cells (Porsche et
al., 1991; Yarmush et al., 1992; Larese et al., 1992; Armit-
age and Juss, 1996; Acker et al., 1999; Acker and McGann,
2000). Furthermore, the probability of IIF also appears to be
enhanced in suspended cell clusters, as compared with sus-
pensions of isolated cells (McGann et al., 1972, 1993;
McGrath et al., 1975; Larese et al., 1992; Acker et al.,
1999). Although such observations are suggestive of a role
for cell–cell interactions in mediating IIF in tissue, these
studies have introduced a host of confounding factors by
comparing freshly trypsinized cells with cells cultured for
various lengths of time in different configurations. To whit,
the probability of IIF is known to be affected both by
trypsinization (Sandler and Andersson, 1984; Yarmush et
al., 1992) and time in culture (Hetzel et al., 1973; Hornung
et al., 1996; Darr and Hubel, 2001); in cell clusters, mass
transport limitations may also affect IIF (Levin et al., 1977).
The involvement of gap junctions in cell–cell interactions
during freezing was first proposed by Berger and Uhrik,
based on qualitative observations of the effect of gap junc-
tion inhibitors on IIF in cell strands from salivary gland
tissue (Berger and Uhrik, 1992, 1996). A subsequent study
provided indirect support for gap junction involvement in
intercellular ice propagation, by comparing the kinetics of
IIF in monolayers of two different cell lines, one of which
(Madin-Darby canine kidney, MDCK) expresses gap junc-
tions, and the other of which (V-79W fibroblasts) is be-
lieved not to express gap junctions (Yang et al., 1996).
Recently, Acker et al. (2001) have followed up this initial
report by correlating the effect of temperature on IIF in
MDCK and V-79W monolayers with theoretical predictions
of ice growth in pores (Mazur, 1960), and by studying the
effect of low-calcium media (which disrupt intercellular
junctions) on the pattern of IIF in MDCK cultures, adding
further support to the gap junction hypothesis. In the present
work, we report on intercellular ice propagation in HepG2
cells, a human hepatoma cell line that expresses connexin
32 and forms gap junctions (Jansen and Jongen, 1996; Yano
et al., 2001).
The objective of the present study was to unambiguously
quantify the effect of cell–cell interaction on IIF in tissue, and
to investigate the role of gap junctions in intercellular ice
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propagation. By using micropatterning techniques to control
the attachment of cells onto a substrate, we have been able to
create microscale tissue constructs consisting of a small num-
ber of cells in a reproducible configuration; such systems are
attractive because their dynamics are sufficiently simple that
they can be rigorously analyzed using theoretical mathematical
models, thus permitting systematic testing of hypotheses about
the mechanisms of IIF during tissue freezing. Moreover, unlike
other experimental systems, our micropatterned tissue con-
structs make possible independent control of the degree of
cell–cell contact, time in culture, tissue morphology, and other
potentially confounding factors. In this work, we have used
experiments and theoretical analysis to explore the hypothesis
that IIF in tissue is governed by two stochastic processes: an
independent IIF process not affected by the state of neighbor-
ing cells, and an intercellular ice propagation process, which is
active only if ice is present in an adjoining cell. The contribu-
tion of these two processes to the probability of IIF was
quantified in an engineered tissue construct consisting of two
adjoining HepG2 cells micropatterned on a glass substrate. The
effect of time in culture on the degree of cell–cell interaction
was determined, and the involvement of gap junctions was
investigated by studying the effects of a specific gap-junction
blocker on the kinetics of intercellular ice propagation.
THEORETICAL BACKGROUND
To analyze our experimental results, we developed a theo-
retical model of the kinetics of IIF in an ensemble of cell
pairs. As illustrated in Fig. 1, a pair of adjoining cells can
assume only one of three IIF states: an unfrozen state (i.e.,
no ice in either cell), a partially frozen singlet state (i.e., ice
present in only one of the cells), or a fully frozen doublet
state (i.e., ice present in both cells). At any instant, in an
ensemble of N cell pairs (i.e., 2N cells), there will be N0
unfrozen pairs, N1 partially frozen pairs, and N2 fully frozen
pairs, where N0  N1  N2  N. Thus, the state of the
ensemble can be fully described by two state variables: the
probability of the unfrozen state,
P0 
N0
N
, (1)
and the probability of the singlet state
P1 
N1
N
. (2)
The probability of the doublet state, defined
P2 
N2
N
, (3)
is not an independent state variable, because
P2 1 P0 P1. (4)
We have assumed that the mechanisms of IIF in this system
can be described by two stochastic processes, which we will
call “independent ice formation” and “intercellular ice propa-
gation,” respectively. Independent ice formation is assumed to
comprise all mechanisms for which the rate of IIF in a cell is
independent of the state of the adjoining cell. Conversely, the
intercellular ice propagation process describes the class of all
mechanisms that can cause IIF in a cell if and only if ice is
present in the adjoining cell. Thus, independent ice formation
may be due to homogeneous, surface-catalyzed, or volume-
catalyzed nucleation (Toner et al., 1990), to osmotic rupture
(Muldrew and McGann, 1994), or other mechanisms. Like-
wise, intercellular ice propagation may be due to ice growth
through gap junctions (Berger and Uhrik, 1996), or to surface-
catalyzed nucleation mediated by intracellular ice in an adjoin-
ing cell. Because the probability of simultaneous IIF in both
cells of a pair can be assumed to be infinitesimally small, the
transition between IIF states can be described by a sequential
reaction as shown in Fig. 1. Whereas the transition from the
unfrozen to the singlet state is only possible via the indepen-
dent ice formation process as defined above, the rate of con-
sumption of unfrozen cell pairs (which equals the rate of
singlet formation) is given by
dN0
dt
2JiN0, (5)
where Ji is the average rate of independent ice formation
events per unfrozen cell, and t is time. The singlet-to-
doublet transition may occur either by the independent ice
formation process or by intercellular ice propagation, so the
rate of doublet formation (which equals the rate of singlet
consumption) is given by
dN2
dt
 Ji Jp  N1, (6)
where Jp is the average rate of intercellular ice propagation
events per unfrozen cell, given that ice is present in the
adjoining cell.
FIGURE 1 Schematic illustrating the IIF states of a cell pair, and the
possible state transitions. Open blocks indicate unfrozen cells, whereas
filled blocks indicate cells with internal ice. State transitions were modeled
as sequential first-order reactions, with rate constants as shown. The state
of an ensemble of cell pairs was described by the probabilities P0, P1, and
P2 of the unfrozen, singlet, and doublet state, respectively.
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To nondimensionalize the governing equations, we de-
fine a dimensionless time,
 
0
t
Ji dt. (7)
Furthermore, we define a dimensionless ice propagation
rate,

Jp
Ji
. (8)
The dimensionless ice propagation rate  quantifies the
degree of interaction between adjoining cells, and can there-
fore be interpreted as an interaction parameter in our sys-
tem. Combining Eqs. 1–8, the kinetics of IIF in an ensemble
of cell pairs can be described by the state equation,
d
d P0P1   2 02 1    P0P1 , (9)
and the overall probability of IIF in the cell population is
given by
PIIF 1 P0
1
2
P1. (10)
Noting that the kinetics of the unfrozen state (P0) are
decoupled from the kinetics of the singlet state (P1), one
obtains by inspection,
P0 e
2. (11)
Whereas the interaction parameter  is typically a nonlinear
function of time, there is no general analytical solution for
P1().
It is illustrative, however, to consider the limiting case of
no cell–cell interaction (  0). In this case, the solution of
Eq. 9 yields
P1 2e  2e2. (12)
Considering that Eq. 11 can be inverted to solve for ,
 1
2
 ln P0, (13)
one obtains, by substituting Eq. 13 into Eq. 12,
P1 2  P0
1/2 P0. (14)
Similarly, the overall probability of IIF when  0 is given
by
PIIF 1 e, (15)
which can be rewritten,
PIIF 1 P0
1/2. (16)
Thus, even if there is intercellular ice propagation in the
system (  0), the observed kinetics of the unfrozen state
can be used in conjunction with Eq. 16 to determine the
hypothetical probability of intracellular ice formation due
only to the independent ice formation process (Ji).
In the limiting case of instantaneous ice propagation
( 3 	), the probability of the singlet state vanishes, and
PIIF 1 e2, (17)
i.e., the overall rate of IIF is double the rate observed in the
case of no propagation.
Eq. 9 can be solved analytically if the interaction param-
eter  is constant. Thus, one obtains
P1
2
1 
 e(1)    e2 for   1, (18)
P1 2  e2 for   1. (19)
It can be shown that Eq. 18 reaches a maximum value,
P*1 1 2 
(1)/(1)
(20)
at
*
1
1 
 ln 21  . (21)
MATERIALS AND METHODS
Preparation of micropatterned surfaces
Cell attachment and spreading can be controlled using polyethylene glycol
(PEG), a biocompatible polymer that inhibits cell adhesion. We developed
a micropatterning technique using a silanated form of PEG (Jo and Park,
2000), which enables surface modification of glass substrates in a single
step, in contrast to conventional methods (Harris, 1992).
Glass coverslips (45 
 50 
 0.1 mm; Fisher Scientific, Pittsburgh, PA)
were thoroughly cleaned with Sparkleen 1 detergent (Fisher) for 10 min
and then rinsed with purified water (Elix 3 water purification system,
Millipore, Bedford, MA) for 3 min. The remaining processing steps were
carried out in a Class 100 clean room. The glass surfaces were cleaned
again by immersion in Summa Clean SC15M solution (Mallinckrodt
Baker, Paris, KY) in an ultrasound bath at 25°C for 10 min followed by a
10-min immersion in Piranha solution (25% v/v H2SO4, 75% v/v H2O2,
Ashland Chemical, Columbus, OH). After a rinse in distilled water for 5
min, the coverslips were dried for 10 min at 90°C. Control coverslips to be
used for unpatterned monolayer cultures were cleaned using the same
method.
The coverslips were micropatterned using photolithographic techniques,
as shown in Fig. 2. A thin layer (1 	m) of positive photoresist 1818
(Shipley, Marlborough, MA) was applied by spin-coating at 5000 rpm for
30 s. The coverslips were then baked for 10 min at 90°C, and exposed for
10 s to 20 mW/cm2 ultraviolet light in a mask aligner (Karl Suss, Water-
bury Center, VT), using a chromium-glass mask with a pattern consisting
of rectangular features of dimensions 30 
 80 	m and 30 
 40 	m
separated by 80 	m. The photoresist was then developed for 15 s using
photoresist developer 351 (Shipley) followed by a 3-min rinse in distilled
water, leaving islands of photoresist on a bare glass surface (Fig. 2 A); the
resulting patterned features were checked by optical microscopy.
The coverslips were dehydrated at 90°C for 10 min, after which an
aqueous solution of 5 mM PEG-disilane (Shearwater Polymers, Huntsville,
AL) was applied (Fig. 2 B). After drying the coverslips at 75°C for 5 min,
1860 Irimia and Karlsson
Biophysical Journal 82(4) 1858–1868
the unexposed photoresist was removed by immersing the coverslips in
photoresist remover UN2491 (Shipley) for 15 s (this time had been opti-
mized to minimize adverse effects on the PEG layer), followed by a 5-min
rinse in distilled water, leaving rectangular regions of bare glass sur-
rounded by a thin layer of PEG (Fig. 2 C). Finally, the patterned coverslips
were cut into 5 
 10-mm pieces with a diamond glass cutter.
Cell culture
The human hepatoma cell line HepG2 (American Type Culture Collection,
Manassas, VA) was cultured at 37°C under a humidified 5% CO2 atmo-
sphere, in minimum essential medium (Gibco BRL Life Technologies,
Rockville, MD) supplemented with 10% v/v bovine calf serum (Sigma-
Aldrich, St. Louis, MO), 2.2 g/l sodium bicarbonate (Sigma), 1 mM
sodium pyruvate (Sigma), 100 	g/ml streptomycin (Boehringer Mann-
heim, Indianapolis, IN) and 100 U/ml penicillin (Boehringer Mannheim).
Media were replaced every two days and cell cultures were subcultivated
once a week by disaggregation in a solution of 0.2% w/v trypsin (Gibco),
0.2% w/v glucose (Sigma), and 0.5 mM EDTA (Sigma) in isotonic Ca2
and Mg2 free Dulbecco’s Phosphate Buffered Solution (PBS; Gibco),
followed by resuspension in culture medium and replating at a subculti-
vation ratio of 1:5.
For experiments, HepG2 cells were trypsinized, suspended in culture
media, and washed by centrifugation for 2.5 min at 200 
 g, followed by
aspiration of the supernatant media, resuspension in versene solution (5
mM EDTA in Ca2 and Mg2 free PBS), a second centrifugation (2.5 min
at 200 
 g), and aspiration of the supernatant versene. The cell pellet was
resuspended in isotonic Ca2 and Mg2 free PBS, and either used directly
in cryomicroscopy experiments (at a cell density of 1 
 104/ml), or
cultured on glass coverslips in one- or two-cell patterns, or in confluent
monolayers, as described below.
For cell micropatterning, the cell density was adjusted to 1 
 104/ml
(for one-cell patterns) or 1 
 105/ml (for two-cell patterns), and 2 ml cell
suspension was seeded onto patterned glass coverslips in a petri dish. The
cells were incubated for 20 min at 37°C to allow cells to adhere to the
exposed regions of the glass surface. Nonadherent cells were removed by
flushing the coverslip with 5 ml culture media while simultaneously
aspirating the supernatant, until 1–2 ml media were left in the culture dish.
This procedure was necessary to prevent drying of the coverslip (due to the
nonwetting properties of the patterned surfaces) and consequent cell dam-
age. The petri dishes were immediately transferred to the incubator and
cultured for either 12, 24, 36, or 48 h before use in experiments.
To create unpatterned monolayer cultures, the cell density was adjusted
to 2 
 105/ml, such that the monolayer would be confluent after 24 hours.
Cells were seeded onto unpatterned glass coverslips in petri dishes, fol-
lowed by a 20-min incubation at 37°C and a media change, as described
above for preparation of micropatterned cultures. Cells were cultured for
24 h before use in experiments.
Sample preparation
For experiments with adherent cells, the nucleic acid stain SYTO13 (Mo-
lecular Probes, Eugene, OR) was used to identify individual cells in a
culture. SYTO13 has previously been shown not to influence the intracel-
lular ice formation process (Acker and McGann, 2000). To investigate the
role of gap junctions in intercellular ice propagation, 18-glycyrrhetinic
acid (GA; Sigma), a known gap-junction blocker (Davidson et al., 1986),
was used. Coverslips were removed from the culture dishes and incubated
for 10–15 min at 37°C in a solution of 2 	M SYTO13 in PBS with or
without 30 	M GA. For cryomicroscopy experiments, a 2-	l droplet of
this solution was transferred to an 18-mm-diameter circular glass coverslip
(Fisher), onto which the cell culture coverslip was then inverted, forming
a sandwich. For control experiments with suspended cells, a sandwich was
formed by placing 7 	l of the cell suspension between two circular
coverslips. All samples were used in experiments immediately after
preparation.
Cryomicroscopy
IIF was observed during freezing of cultured and suspended cells using a
cryomicroscopy system consisting of an upright Nikon Eclipse E600
research microscope fitted with a commercially available cooling stage
(BCS 196; Linkam Scientific Instruments, Tadworth, Surrey, UK). The
sample was cooled by heat conduction to a silver block in contact with a
nitrogen gas stream, which was pre-cooled using a coiled copper tubing
heat exchanger immersed in liquid nitrogen. The stage temperature was
regulated using an electrical resistance heater and a platinum-resistance
thermometer imbedded in the silver block, together with a CI93 feedback
control system (Linkam) and the Linksys software (version 1.4; Linkam).
The temperature-control system was calibrated by measuring the melting
point of ice crystallized from a sample of purified water. Cell and tissue
samples were observed using a 20
 or 50
 objective, and experiments
were recorded using a DVC-0A analog video camera (Digital Video
Camera Company, Austin, TX), and a Sony SVO-9500MD videocassette
recorder. A VTO 232 video text overlay system (Linkam) was used to
superimpose time and stage temperature data onto the video images.
Samples were prepared as described above, and placed on the silver
block of the cryomicroscopy stage under a dry nitrogen atmosphere, to
prevent water condensation. Ice formation was induced in the extracellular
solution by cooling the sample from 37°C to 1.8°C, and touching the
edge of the sample with the seeding block, a silver block integrated into the
cooling stage and chilled to the temperature of the nitrogen coolant. The
sample was held at 1.8°C until the growing extracellular ice was in
contact with the cells in the field of view. A video image of the SYTO13-
stained cell nuclei was acquired using epifluorescence, to identify the
number and position of individual cells, after which brightfield illumina-
tion was resumed, and cooling of the sample was initiated. The stage was
cooled to 60°C at a controlled rate of 130°C/min.
In cryomicroscopic observations, the formation of intracellular ice
crystals is typically manifested as a sudden darkening of the cytoplasm, due
to scattering of the transilluminating light. Thus, the temperature of IIF for
each cell in the field of view could be determined by examining the video
recording of the freezing experiment using frame-by-frame playback. The
probability of IIF at any temperature was determined by dividing the
number of darkened cells by the total number of observed cells. The
probability of the unfrozen state (P0) at any temperature was determined by
FIGURE 2 Preparation of micropatterned surfaces. (A) Photoresist was
exposed to ultraviolet light through a patterned mask and developed,
leaving islands of photoresist on the glass substrate. (B) The coverslip was
then covered with a layer of PEG. (C) After photoresist removal, islands of
bare glass surrounded by PEG were obtained.
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counting the number of cell pairs in which neither cell appeared dark, and
dividing this number by the total number of cell pairs observed. The
probability of the singlet state (P1) at any temperature was determined by
counting the number of cell pairs in which only one of the cells had
darkened, and dividing this number by the total number of cell pairs
observed. The probability of the doublet state (P2) at any temperature was
determined by counting the number of cell pairs in which both cells had
darkened, and dividing this number by the total number of cell pairs
observed. For each experimental condition, 60–280 cells were analyzed.
Statistical analysis
Data are reported as averages and standard errors of the mean. If groups
had a normal distribution and homogenous variances, the group means
were compared by an independent t-test, or by analysis of variance
(ANOVA) followed by Fisher’s least significant difference post-hoc test. A
logarithmic transformation was applied to the data when group variances
were not homogenous. The Kruskal–Wallis nonparametric test was used to
compare populations that did not have a normal distribution. Differences
were considered significant at the 95% confidence level (p  0.05).
RESULTS
Predictions of the kinetics of IIF in an ensemble of cell pairs
were obtained using Eqs. 4, 11, and 18, and are plotted for
various values of the dimensionless ice propagation rate 
in Fig. 3. The probability of the unfrozen state (P0) de-
creases exponentially, and is independent of the rate of ice
propagation. However, the rate of doublet formation in-
creases with increasing . The singlet state probability (P1)
exhibits a transient increase, because the singlet state is
consumed upon formation of the doublet state. Thus, the
higher the propagation rate , the lower the probability of
the singlet state. In particular, the maximum probability of
the singlet state decreases with increasing , as predicted by
Eq. 20. As shown in Fig. 4, for values of  on the order of
0.1 to 100, the peak singlet state probability can be used as
a measure of the magnitude of the dimensionless ice prop-
agation rate.
To test the theoretical predictions of the effect of cell–
cell interaction on the probability of IIF, HepG2 cells were
cultured on glass coverslips for 24 h in micropatterned
one-cell and two-cell configurations (shown in Fig. 5), or in
confluent monolayers. Cultured cells and a control group of
suspended cells were frozen to 60°C at a rate of 130°C/
min. Figure 6 shows the resulting cumulative fraction of IIF
(PIIF), indicating a statistically significant effect of culture
configuration on the mean IIF temperature (p  0.001). In
particular, suspended cells had the lowest probability of IIF
(final PIIF  81%), and the lowest mean temperature of IIF
(23.0  1.1°C; sample size n  109). For cultured cells,
the final probability of IIF was 100% for all groups, and the
mean IIF temperature increased with the number of cells
FIGURE 3 Theoretical prediction of the kinetics of IIF in an ensemble of
cell pairs, for constant values of the dimensionless propagation rate, . The
probability of the unfrozen state, P0(), (solid line) is independent of ,
whereas the singlet state probability, P1(), (dashed lines) and the doublet
state probability, P2(), (dotted lines) are shown for various values of , as
indicated.
FIGURE 4 Theoretical prediction of the dependence of the maximum
singlet state probability, P*1, on the dimensionless propagation rate (inter-
action parameter), .
FIGURE 5 Micrograph of HepG2 cells cultured in one-cell (left) and
two-cell (right) patterns. (A) Differential interference contrast. (B) Epiflu-
orescence, with nuclear staining using SYTO13. Scale bars are 20 	m.
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available for interaction. Thus, cells cultured in single-cell
patterns had a mean IIF temperature of21.0 1.1°C (n
71), cells cultured in pairs had a mean IIF temperature of
18.0  0.4°C (n  164), and cells cultured in confluent
monolayers had a mean IIF temperature of 15.3  0.2°C
(n  278). These observations were consistent with theo-
retical predictions of the effect of the interaction parameter
 on PIIF, as determined using Eqs. 10, 11, and 18 (results
not shown).
Using the above cryomicroscopic observations of IIF
during freezing of cells cultured in micropatterned pairs, the
probabilities of the unfrozen (P0), singlet (P1), and doublet
states (P2) were determined as a function of temperature
(Fig. 7). The observed kinetics are similar to the theoretical
predictions shown in Fig. 3, with the number of unfrozen
pairs decreasing monotonically, and the number of pairs in
the singlet state exhibiting a transient increase. Using the
measured probabilities of the unfrozen state together with
Eq. 14, the probability of the singlet state for the hypothet-
ical case of no intercellular ice propagation (  0) was
determined. As shown in Fig. 7, the actual singlet state
probabilities were significantly lower than the correspond-
ing probabilities for the hypothetical noninteracting case,
indicating that intercellular ice propagation does occur dur-
ing freezing of cultured HepG2 pairs. Furthermore, com-
parison of the observed singlet state probability peak (P*1 
0.2) with the results shown in Fig. 4, suggests that the
dimensionless ice propagation rate is on the order of   5.
Two sets of control experiments were designed to assess
whether the rate of independent ice formation (Ji) was
affected by the gap-junction blocker GA, by cell–cell con-
tact, or by time in culture. Figure 8 shows the cumulative
fraction of IIF (PIIF) in cells cultured for 24 h in single-cell
patterns, and frozen with or without a preceding GA treat-
ment. Also shown in Fig. 8 are the results of freezing
two-cell patterns with and without GA treatment. For the
cell pairs, the measured probabilities of the unfrozen state
(P0) were transformed using Eq. 16 to determine the prob-
ability of IIF associated with the process of independent ice
formation only. Comparison of the resulting IIF tempera-
tures by two-way ANOVA revealed no significant effect of
GA (p  0.4), and no significant differences between one-
cell and two-cell patterns (p  0.4). Thus, the independent
FIGURE 6 Cumulative probability of IIF in HepG2 cells cooled at
130°C/min to 60°C. Cells were either suspended in PBS (triangles) and
immediately frozen, or cultured for 24 h on a glass substrate in one-cell
patterns (circles), two-cell patterns (diamonds) or confluent monolayers
(squares) before freezing.
FIGURE 7 Probabilities of the unfrozen state, P0, (circles) singlet state,
P1, (diamonds) and doublet state, P2, (squares) during freezing of mi-
cropatterned cell pairs to 60°C at a rate of 130°C/min. Also shown is the
hypothetical probability of the singlet state if there were no intercellular ice
propagation (  0) in this experiment, determined using Eq. 14 (broken
line).
FIGURE 8 Kinetics of independent ice formation in cells cultured for
24 h in one-cell patterns (circles) and two-cell patterns (diamonds), with no
pretreatment (open symbols) or pretreated with GA (closed symbols) prior
to freezing at 130°C/min. For cell pairs, the probability shown is the
hypothetical probability of IIF for independent ice formation only (  0),
determined using Eq. 16.
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ice formation process does not appear to be affected by
cell–cell contact or by the presence of GA.
In the second control experiment, the effect of time in
culture on the rate of independent ice formation was exam-
ined by comparing the kinetics of IIF in two-cell patterns
frozen after 12, 24, 36, or 48 h in culture. Figure 9 shows the
probability of the unfrozen state (P0) for the four experi-
mental groups, revealing no significant effect of time in
culture on the mean temperature of singlet formation (p 
0.05). Whereas Eqs. 7 and 11 show that the kinetics of the
unfrozen state do not depend on the intercellular ice prop-
agation process, these results indicate that the rate of inde-
pendent ice formation (Ji) in cell pairs is not affected by
time in culture.
To examine the effect of GA and time in culture on
intercellular ice propagation, the probabilities of the singlet
state (P1) were compared for cells cultured in a two-cell
pattern for 12, 24, 36, or 48 h (without GA), and for two-cell
constructs cultured for 24 h and treated with GA prior to
freezing. By transformation of the measured probabilities of
the unfrozen state (P0) using Eq. 13, the measured singlet
state probabilities could be plotted as a function of dimen-
sionless time, and thus be directly compared to the analyt-
ical solution for noninteracting cells (  0) obtained with
Eq. 12. It is evident in Fig. 10 that the singlet state proba-
bilities for all experimental groups were lower than the
theoretical predictions of P1() for  0, indicating that the
rate of intercellular ice propagation was significant for all
culture times, and for GA-treated cell pairs. Moreover,
compared with cell pairs cultured for 24, 36, or 48 h in the
absence of GA, there was a higher probability of the singlet
state in cell pairs cultured for 12 h in the absence of GA, and
in GA-treated cells, consistent with a lower rate of intercel-
lular ice propagation in the latter groups.
Although the maximum singlet state probability is a mea-
sure of the interaction parameter  (see Fig. 4), estimating
maximum values of P1 from Fig. 10 would be problematic, due
to the noise in the data. Thus, the time-averaged probability of
the singlet state was used as an estimator for the rate of
intercellular ice propagation. As shown in Fig. 11, the average
singlet state probability was larger for cell pairs cultured for
12 h than that for cells cultured for 24 h (p 0.001), indicating
an increase in the rate of intercellular ice propagation with time
in culture. There was a slight further decrease of the mean
singlet state probability for culture times longer than 24 h, but
this effect was not statistically significant (p  0.05). For cell
pairs cultured for 24 h, there was a significant effect of GA on
the probability of the singlet state (p  0.001), with a 64%
increase in the average singlet state probability in the presence
of the gap-junction blocker. The mean singlet state probability
for the hypothetical case of no intercellular ice propagation
( 0) was 0.36 0.01, as determined using data from cells
cultured for 24 h without GA, transformed with Eq. 14. As
shown in Fig. 11, the average singlet state probabilities for all
experimental groups were significantly lower than that for the
hypothetical noninteracting case (p  0.0001), indicating that
intercellular ice propagation was significant, even for cells
treated with the gap-junction blocker.
The kinetics of the intercellular ice propagation process
were analyzed by examining the singlet state persistence
time t, i.e., the time difference between the two IIF events
in each micropatterned cell pair. Figure 12 shows the cu-
mulative probability distribution of t for two-cell con-
structs cultured for 12, 24, 36, or 48 h in the absence of GA,
FIGURE 9 Probability of the unfrozen state (P0) in micropatterned cell
pairs cultured for 12 (circles), 24 (diamonds), 36 (squares), and 48 h
(triangles) before freezing to 60°C at 130°C/min.
FIGURE 10 Effect of GA and time in culture on the probability of the
singlet state (P1) during cooling of cell pairs to 60°C at a rate of
130°C/min. Micropatterned pairs were either cultured for 24 h and treated
with GA before freezing (closed diamonds), or cultured for 12 (circles), 24
(open diamonds), 36 (squares) or 48 hours (triangles) and frozen without
GA treatment. Also shown are the theoretical predictions of P1() for the
case of no cell–cell interaction (  0), obtained using Eq. 12 (broken
line).
1864 Irimia and Karlsson
Biophysical Journal 82(4) 1858–1868
and for cell pairs cultured for 24 h and treated with GA
before freezing. Comparison of the probability distributions
using a Kruskal–Wallis test revealed that the distributions
for cells cultured for 24, 36, and 48 h in the absence of GA
were statistically indistinguishable (p  0.7), as were the
distributions for cells cultured for 12 h and cells treated with
GA (p  0.6). For cell pairs cultured for 24 h, the distri-
bution of singlet state persistence times for cells treated with
GA was significantly different from the distribution for
untreated cells (p  0.05). Likewise, for cells not treated
with GA, the distribution for cell pairs cultured for 12 h was
significantly different from the distributions for longer cul-
ture times (p  0.05).
All observed singlet state persistence time distributions in
Fig. 12 exhibited what appeared to be two subpopulations
with distinct propagation kinetics. For each experimental
group, about half of the propagation events occurred rap-
idly, within approximately 0.3 s of the initial IIF event. The
lag times between successive IIF events in the remaining
cell pairs were significantly longer, typically allowing the
singlet state to persist for many seconds. The observed
effects of GA and culture time appeared to have a much
more marked effect on the distribution of slower propaga-
tion events than on the distribution of rapid propagation
events. In fact, in cell pairs cultured for 12 h or treated with
GA, the singlet subpopulation with t  0.3 s had a per-
sistence time distribution similar to that of noninteracting
cell pairs (calculated from the probability of independent ice
formation in cell pairs cultured for 24 h, using Eq. 16 and a
random variable transformation).
DISCUSSION
Almost all previous investigations of the effect of cell–cell
interactions on the IIF process have compared freshly
trypsinized cells in suspension, or single cells adherent to
glass, with cells of the same type cultured in confluent
monolayers on glass (e.g., Porsche et al., 1991; Armitage
and Juss, 1996; Acker and McGann, 2000), or suspension
cultured in aggregates (e.g., McGann et al., 1972; McGrath
et al., 1975; Acker et al., 1999). However, previous exper-
imental designs have been unable to control confounding
effects resulting from cell damage by enzymatic digestion
(McGann et al., 1972; Sandler and Andersson, 1984;
Yarmush et al., 1992), from changes in phenotype due to
time in culture (Hetzel et al., 1973; Darr and Hubel, 2001)
or cell attachment and spreading (Hornung et al., 1996;
Chen et al., 1997), or from mass transport limitations in cell
clusters (Levin et al., 1977). Whereas all aforementioned
factors affect IIF and cryoinjury, past attempts to attribute
differences in probability of IIF or cell survival for different
culture configuration to hypothesized effects of cell–cell
contact have not been conclusive.
Surface modification and micropatterning techniques
have previously been used to control cell shape, position,
and cell–cell contact in studies of the biological effects of
cell adhesion and tissue coculture (Bhatia et al., 1997; Chen
et al., 1997). In the present study, we have used similar
techniques to probe the effect of cell–cell interactions on
the IIF process, while eliminating confounding factors that
have limited previous investigations of tissue freezing. In
FIGURE 11 Mean values and standard errors of singlet state probabili-
ties (P1) from Fig. 10, showing the effect of GA and time in culture. Cell
pairs were either cultured for 12–48 h and frozen (white bars), or cultured
for 24 h and treated with GA before freezing (hatched bar). Also shown is
the average singlet state probability for the hypothetical case of no inter-
cellular ice propagation (  0), determined using Eq. 14 (black bar). The
singlet state probabilities are significantly different for bars with different
superscript letters (p  0.001).
FIGURE 12 Cumulative probability distribution of singlet state persis-
tence time, showing the effect of GA and time in culture. Micropatterned
pairs were either cultured for 24 h and treated with GA before freezing
(closed diamonds), or cultured for 12 (circles), 24 (open diamonds), 36
(squares), or 48 hours (triangles) and frozen without GA treatment. Also
shown is the predicted distribution for the case of no cell–cell interaction
(  0), determined using Eq. 16 (broken line).
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particular, our experimental system is the first that permits
independent control of cell–cell contact, cell shape, sub-
strate interactions, and time in culture. Thus, by comparing
the probability of IIF in micropatterned one- and two-cell
constructs, which had been cultured for the same length of
time on the same substrate, and in which each cell was
constrained to occupy approximately the same surface area,
the effect of cell–cell contact on IIF could be isolated. In
micropatterned HepG2 cultures, the rate of IIF was ob-
served to increase in the presence of cell–cell contact, and
with time in culture.
Although increases in the probability of IIF in the pres-
ence of cell–cell contact have commonly been attributed to
propagation of ice from one cell to neighboring cells, pub-
lished evidence for such ice propagation has been mostly
anecdotal in nature (Stuckey and Curtis, 1938; Brown and
Reuter, 1974; Brown, 1980; Tsuruta et al., 1998; Acker et
al., 1999). To the best of our knowledge, only three previous
studies have attempted to quantify intercellular ice propa-
gation. Berger and Uhrik (1996) counted the number of cell
strands in which IIF occurred sequentially, finding that IIF
was sequential in 10 out of 14 strands frozen. Acker and
McGann (1998) defined a ratio of the number of cell–cell
contacts in which both cells were frozen to the total number
of frozen cells, finding that the value of this ratio was
significantly larger than the value obtained from a Monte
Carlo simulation of random IIF in a monolayer. In a sub-
sequent study, Acker et al. (2001) evaluated the percentage
of IIF events that occurred in cells not in contact with frozen
cells, and observed that all IIF events observed in MDCK
held at 3°C or below occurred in cells adjacent to previ-
ously frozen cells (Acker et al., 2001). In the present work,
we have explicitly defined the rate of intercellular ice prop-
agation as the increase in the rate of IIF associated with the
formation of ice in an adjoining cell, and we have been able
to quantify this rate by analyzing experimental data using a
new theoretical model of ice propagation.
The ability to quantify the process of intercellular ice
propagation is critical for understanding IIF in tissue, inas-
much as it is hypothetically possible that the observed
effects of cell–cell contact, GA treatment, and time in
culture on the probability of IIF in tissue constructs were
due to nonpropagative mechanisms of IIF. For example,
gene expression in HepG2 has been shown to be affected by
cell–cell contact and time in culture (Kelly and Darlington,
1989). Whereas some nucleation-based mechanisms of IIF
are thought to involve catalysis by intracellular proteins
(Toner et al., 1990), it is possible that the increased proba-
bility of IIF in the presence of cell–cell contact and as a
function of time in culture was due to expression of new
heterogeneous nucleation sites. Similarly, other proposed
mechanisms of IIF, such as osmotic or mechanical rupture,
may be affected by changes in the cell’s mechanical prop-
erties with time in culture (Ingber et al., 1994). Because
most previous investigations have used only the overall
probability of IIF or survival rate to assess the effect of
tissue culture on IIF, it has hitherto not been possible to
exclude such alternative hypotheses. However, our experi-
ments have established that, if the substrate material and
surface area for cell adhesion are controlled, the rate of
independent ice formation (Ji) is not affected by cell–cell
contact, time in culture, or GA treatment. Therefore, the
observed effects of these factors on the probability of IIF
were due only to changes in the rate of intercellular ice
propagation (Jp).
Several mechanisms for intercellular ice propagation have
been proposed in the literature, but none have been conclu-
sively established. For example, McGann et al. (1972) specu-
lated that cells ruptured by IIF released lysosymal enzymes
that caused membrane damage, and hence IIF, in adjoining
cells. Others have proposed that surface-catalyzed nucleation
(Toner et al., 1990) in a supercooled cell may be mediated by
ice crystals present in a neighboring cell (Tsuruta et al., 1998;
Acker and McGann, 1998). Berger and Uhrik (1992, 1996)
first suggested the involvement of intercellular channels in ice
propagation, reporting that the sequence of IIF events in cell
strands pretreated with the gap-junction blockers dinitrophenol
or heptanol appeared to be random, whereas it was typically
sequential in untreated strands. Recently, Acker et al. (2001)
have used low-Ca2media to inhibit gap-junction formation in
MDCKmonolayers, and observed an increase in the number of
independent IIF sites. Our present results lend support to the
hypothesis that gap junctions are involved in intercellular ice
propagation, but suggest that other mechanisms are also active.
We used the sapogenin 18-glycyrrhetinic acid to block gap
junctions, and found that the rate of intercellular ice propaga-
tion decreased in GA-treated cell pairs. Whereas low-Ca2
media can disrupt tight junctions (Armitage et al., 1994) and
anchoring junctions (Tozer et al., 1996) in addition to gap
junctions, glycyrrhetinic acid inhibits gap junctions with high
specificity (Davidson et al., 1986; Davidson and Baumgarten,
1988). Although the exact mechanism of action of GA is not
fully known, it is not thought to be mediated by protein kinase
C or steroid receptors (Davidson et al., 1986; Davidson and
Baumgarten, 1988). For short exposure times, such as those
used in the present study, GA does not appear to affect con-
nexin phosphorylation or reduce the number of gap-junction
plaques (Guan et al., 1996). Rather, it is thought that GA binds
the gap-junction connexon, inducing a conformational change
that closes the channel (Davidson and Baumgarten, 1988;
Guan et al., 1996). Thus, our results suggest that intercellular
ice propagation is mediated by active gap junctions, either by
growth of ice crystals through the intercellular channels (Acker
et al., 2001), or by the creation of a heterogeneous nucleation
site on one side of the junction via conformational changes
induced by intracellular ice on the other side of the junction.
Intercellular ice propagation was only partially inhibited
by GA, suggesting that there are several mechanisms of ice
propagation in tissue, some of which do not require the
presence of open gap junctions. This hypothesis is sup-
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ported by observations of ice propagation in V-79W fibro-
blasts, a cell line that has been claimed not to express gap
junctions (Acker and McGann, 1998; Acker et al., 2001). Of
course, the possibility exists that the V-79W strain does,
like wild-type V-79, form some gap junctions (e.g., el-Fouly
et al., 1987; Jongen et al., 1987). Likewise, it is possible that
GA failed to completely block gap junctions in the present
study. However, GA has been shown to completely inhibit
fluorescent dye coupling in rat hepatocytes at concentra-
tions of 10–20 	M after 15 min exposure (Lee and Rhee,
1998), and metabolic cooperation in fibroblasts with a me-
dian effective concentration 2 	M (Davidson and Baum-
garten, 1998). In contrast, a 10% incidence of dye coupling
was observed in an epithelial cell line after 15 min exposure
to 40 	M GA (Guan et al., 1996). The 18-glycyrrhetinic
acid isoform of GA has been observed to completely inhibit
dye coupling in hepatocytes at concentrations of 20–30 	M
with exposure times of 5–10 min (Tordjmann et al., 1997;
Eugenin et al., 1998). To account for the rate of intercellular
ice propagation we observed following gap-junction inhibi-
tion, approximately 30% of the cell pairs would have to
remain coupled after exposure to 30 	M GA for 15 min
(Irimia and Karlsson, 2001). Thus, it seems likely that there
exist mechanisms of ice propagation that do not require
intercellular channels.
The distribution of singlet state persistence times (Fig. 12)
was consistent with the hypothesis of two mechanisms of
propagation, one fast (t 0.3 s), and one slow (0.3 st
5 s). Decoupling cell–cell communication with GA appeared
to have a more pronounced effect on the slower propagation
mechanism (increasing the range of persistence times to t 
20 s, comparable to the distribution of persistence times in
noninteracting cells) than on the faster mechanism, suggesting
that the former is associated with propagation via gap junc-
tions. These results contrast somewhat with observations of IIF
in coupled salivary gland cells, in which the average time delay
between propagation events was in the range 0.2–0.3 s (Berger
and Uhrik, 1996). However, inasmuch as freezing conditions
and cell types were different in the present study, direct com-
parison of results is difficult.
Finally, our results indicate that, although the rate of inde-
pendent IIF appears to be insensitive to time in culture for the
time points tested, the rate of intercellular ice propagation
increased with time in culture, reaching a steady-state value
within approximately 24 h. Interestingly, the probability and
kinetics of ice propagation in cell pairs cultured for 12 h were
equivalent to results obtained upon inhibition of gap junctions
with GA. We believe that, in our system, gap junctions did not
reassemble following trypsinization until after 12 h, consistent
with observations that gap junctions in trypsinized epithelial
cells did not form until after 24–48 h in culture, remaining at
a steady level of expression thereafter (Meller, 1979; Guo et
al., 1999). The similarity in probability and kinetics of inter-
cellular ice propagation following trypsinization and GA treat-
ment suggests that, in both cases, gap junctions were com-
pletely blocked or disrupted, lending further support to the
hypothesized existence of gap-junction independent mecha-
nisms of ice propagation.
CONCLUSION
We have shown that cell–cell interactions increase the
probability of IIF in tissue, and that this increase results not
from nonspecific increases in the rate of IIF, but is due to
the enabling of propagative ice formation processes upon
cell–cell contact. At least one mechanism of intercellular
ice propagation appears to depend on the presence of active
gap junctions, as demonstrated by the reduction of the ice
propagation rate following gap-junction blocking by GA.
However, observations presented here and elsewhere also
support the hypothesis that intercellular ice propagation can
occur via mechanisms that do not involve gap junctions.
Furthermore, our results suggest that gap-junction-indepen-
dent ice propagation is faster than gap-junction-dependent
ice propagation. Understanding the mechanisms of IIF dur-
ing tissue cryopreservation is critical for predicting cryoin-
jury in multicellular systems. Thus, to extend previous
successes in model-based rational design of cell-freezing
protocols to emerging applications in tissue and organ pres-
ervation, further research must be done to fully elucidate the
mechanisms of independent IIF and intercellular ice prop-
agation in these complex system.
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